ABSTRACT Interstellar extinction towards the Galactic Center is large and significantly differential. Its reddening and dimming effects in red clump stars in the Galactic Bulge can be exploited to better constrain the extinction law towards the innermost Galaxy. By virtue of a deep and complete catalog of more than 30 million objets at |l| ≤ 2.
INTRODUCTION
The dust and gas in our Galaxy can produce significant variations in the magnitudes and colors of galactic and extragalactic objects we observe, leading to inaccurate measurements of important physical parameters, such as their distances or ages. Therefore, it is of the utmost importance to know how extinction changes in our Galaxy at the different wavelengths and lines of sight. One of the most useful methods to study the extinction and its variations in the Milky Way, especially when looking towards the inner parts of the our Galaxy where both reddening and stellar density are higher, is the so-called red clump (RC) method (Nishiyama et al. 2006 ).
In the color-magnitude diagrams (CMDs) of the bulge of our Galaxy, the RC is a prominent feature. RC stars are core-helium burning stars, that also burn hydrogen in a shell. They differ from horizontal branch (HB) stars by having usually higher metallicities and a buffer of mass above the H-burning shell that allows them to burn He at lower effective temperatures (Girardi 2016) . Their ubiquity and their well-known intrinsic properties, which are well calibrated by models, have promoted their use as standard candles. Potential problems in this use are significantly reduced when studying the bulge of our Galaxy at near-infrared wavelengths (Girardi 2016) : the use of the K s filter makes the RC highly resilient to variations in metallicity; the study of the Galactic Bulge, which engulfs a mostly old population, results in most of the stars in the RC to be low-mass stars that have undergone a Helium flash where they end up with the same core mass, which produces a more concentrated clump where differences in the envelope masses and compositions should only generate small differences in color and brightness. Therefore, the RC method establishes that for the case of RC stars located at the same distance, their location in the CMD should follow a straight line with slope A λ /E(M λ − M λ ) in accordance with the variable extinction to each of them (Nishiyama et al. 2006) .
The VISTA Variables in the Vía Láctea (VVV) survey (Minniti et al. 2010 ) and its extension, the VVV eXtendend (VVVX) survey, have been observing the inner regions of our Galaxy in the near-infrared since 2010. The VVV survey has provided the most complete atlas of the stellar populations in the inner Milky Way, and most of the bulge stars in this atlas are RC stars (Saito et al. 2012a ). Saito et al. (2011) and Gonzalez et al. (2011a Gonzalez et al. ( , 2015 have used the RC stars found in VVV and in 2MASS to trace the structure of the Galactic Bulge and bar. Gonzalez et al. (2011b Gonzalez et al. ( , 2012 have used them to trace the extinction providing a 2D high-resolution color excess map of the Galactic Bulge. Chen et al. (2013) have extended this study to provide a 3D map.
The reddening law has been found to be nonstandard towards the low-latitude inner regions of our Galaxy (Nataf et al. 2013) , where it is better described by smaller total-to-selective ratios than the canonical values provided in Cardelli et al. (1989) or Rieke & Lebofsky (1985) , as measured in the optical (Draine 2003; Udalski 2003) and in the infrared (Nishiyama et al. 2006 (Nishiyama et al. , 2009 . Specifically in the near-and mid-infrared, the RC method has been extensively used in the inner area of the Galaxy to study the behavior of the extinction ratios, but the very center square degrees of the Galaxy were omitted from the analysis, since observations were not deep enough to sample the RC there. For the same reason, the color baseline was not complete and the RC method could not be employed to its full potential.
In this letter we make use of a new catalog of VVV sources obtained from PSF photometry analysis to find the selective-to-total extinction ratios A λ /E(M λ − M λ ) towards the inner Galaxy, for the different combinations of near-infrared filters available in the VVV survey. This new, deeper, and more complete catalog allows us to observe highly reddened RC stars not available to previous studies, which lets us include the most central, highly reddened and crowded areas in the Milky Way in our analysis.
OBSERVATIONS AND DATA REDUCTION
VVV observations are taken with the 4.1m VISTA telescope in the Cerro Paranal Observatory in Chile, in five near-infrared filters (Z, Y , J, H, and K S ). The VISTA camera, VIRCAM, contains 16 chips with significant gaps between them, which provide a non-contiguous coverage of 1.5 × 1.1 square degrees in the sky, and produces so-called pawprint images. VVV observing strategy, detailed in Saito et al. (2012a) , is to take firstly a set of 2 consecutive, slightlyoffset (∼ 20 ) images that, when combined in a so-called stacked pawprint images, allow to clean some of the cosmetic defects of the chips, in addition to provide a deeper observation. A mosaic of six of these stacked pawprint images, observed in a pattern to cover the gap regions among chips, is later obtained and combined in so-called tile images, to give a complete coverage of everyone of the 348 VVV fields.
For our analysis, we use VVV observations of the galactic central regions with |l| ≤ 2.
• 7 and |b| ≤ 1.
• 55. They encompass 12 VVV fields (b318 to b321, b332 to b335, and b346 to b349). We extract the photometry of the stars in the 12 target VVV fields in the Z, Y , J, H, and K S near-infrared filters. Details on the photometry extraction on these and the rest of the VVV fields will be presented in a future paper. Suffice it to say here that we identify sources and extract their PSF photometry, using the DoPHOT software package (Schechter et al. 1993; AlonsoGarcía et al. 2012 ), on every one of the individual chips of the camera on the VISTA telescope available from the stacked pawprint images (Saito et al. 2012a; Alonso-García et al. 2015) for the 12 fields of interest, in 2 epochs, for the 5 near-infrared filters available. Working with individual chips on the stacked pawprints allows us to avoid complications in the modeling of the PSF present in other data-products of the VVV survey (Alonso-García et al. 2015) . Photometry is astrometrized and calibrated into the VISTA photometric system by comparison with the dimmer aperture photometry provided by CASU (Emerson et al. 2004; Hambly et al. 2004; Irwin et al. 2004 ). Photometry in every filter of the individual chips and fields is later cross-correlated according to the positions of the sources in the sky using STILTS (Taylor 2006) . For every filter, we keep the photometry only if the object appears in the two epochs per field analyzed. We cross-correlated again the photometry in all the filters available, and retain it only for objects which appear in at least 3 of the 5 near-infrared filters available. This way we get rid of most spurious detections. Finally, the VVV field disposition follows a distribution according to galactic longitude and latitude, but it is not completely symmetrical with respect to them (Minniti et al. 2010; Saito et al. 2012a) . For this work, we prefer to perform an analysis with a symmetric coverage in galactic coordinates in the area defined in the beginning of this section, so we do not use all the area covered by the previously-mentioned target VVV fields at most positive latitudes and longitudes. The resulting catalog contains more than 31 million objects in the central galactic region studied. It reaches deeper and has a higher level of completeness than the VVV photometric catalogs currently available publicly, which allow us to almost triple the number of detected RC stars. The stars identified in our new catalog are irregularly distributed as it is shown in the left panel in Figure 1 . These variations in the densities of stars are produced by the significant presence of gas and dust in our line of sight, which produces rapid changes in the completeness and detection limit for almost contiguous sections of the sky, even in the near-infrared wavelengths where VVV observations are taken.
3. ANALYSIS We build the CMDs for the different combinations of filters available. In the right panel in Figure 1 , we can clearly observe the combination of main-sequence disk stars and giant bulge stars present, as described in Saito et al. (2012a) , although evolutionary sequences are broadened and dimmed considerably, mainly for the bulge stars. As variations in distance due to the X-shape of the Galactic Bulge should not be significant at these small galactic latitudes and longitudes (Gonzalez et al. 2015) , the main responsible cause for this effect should be extinction. If we assume the same distribution in metallicities and distances for the RC stars in the relatively limited sky region included in our study, we can analyze the behavior of the extinction just by locating the positions of this feature at different positions in the CMD.
Differently from previous similar analyses (Nishiyama et al. 2006 (Nishiyama et al. , 2009 ), we do not divide the analyzed sky area in smaller cells to look for the RC position. Instead, we divide our CMDs in narrow, 0.05 magnitudes wide, color sections (see left panel in Figure 2 ), generate histograms of the stars present in these color cells as shown in the right panels of Figure 2 , and try to fit them with a second order polynomial function plus two gaussians, which have been shown to accurately represent the distribution of RGB, RC, and secondary bump stars 1 , respectively (Gonzalez et al. 2011b (Gonzalez et al. , 2013 Wegg & Gerhard 2013) . The fit is generally good 1 The secondary bump has been identified with the bulge red giant branch bump (Wegg & Gerhard 2013; Nataf et al. 2013) , although it may correspond to another different feature (Gonzalez et al. 2011a ).
(upper right panel in Figure 2 ), although as we move towards redder colors, incompleteness at the dimmest magnitudes start to increase until it prevents a proper fit. When this happens, and since the RC overdensity is still significant in the histogram for redder colors, we decided to just fit a gaussian plus some constant in the histogram of our brighter stars at a given color (lower right panel in Figure 2) , to find the bulge RC position at the reddest colors available (see left panel in Figure 2 ). As shown in Babusiaux & Gilmore (2005) , σ RC , which measures the dispersion of the gaussian fit, is the convolution of the true line-of-sight dispersion in distance and metallicity of the RC stars, the intrinsic dispersion of the RC luminosity, and photometric errors. The values of σ RC in our fits in K s are between 0.25 and 0.3 mag, which agrees with the values measured in other studies for regions at low Galactic latitudes, e.g., Gonzalez et al. (2011a) . Importantly for our analysis, σ RC does not significantly change for the different colors and color sections analyzed, implying that there are no important correlations between colors and variations of distance and metallicity for the stellar populations that the RC trace, the main sources of systematic error in our method, mentioned in Section 1. Also, variations of distance and metallicity in the RC cannot certainly explain the change in more than 1 mag for the position in the peak of the gaussian fit, as a function of color, seen in Figure 2 .
To finish our analysis, we performed a linear fit to the positions of the bulge RC as a function of color. The slope of this linear fit informs us about the selective-to-total extinction ratios (see Tables 1 and 2 ).
RESULTS
We perform the above mentioned analysis in the different CMDs available, first keeping the (J − K S ) color in one axis, and changing the magnitudes obtained in the different available filters in the other. This way changes in the slope of the selective-to-total extinction ratios are only due to variations in A λ , and we are able to obtain the ratios A λ : A K S reported in Table 1 . These values are a little smaller than those provided by Nishiyama et al. (2006 Nishiyama et al. ( , 2009 , and even though our sample is more complete, engulfing every region in the galactic central area down to smallest absolute values in galactic latitude, and we cover much redder colors, we should emphasize that their photometry and calibrated extinctions are in the MKO (Nishiyama et al. 2006 ) and 2MASS system (Nishiyama et al. 2009 ), while ours is in the Vista system 2 . Using the mean wavelength of the VVV filters (Saito et al. 2012b ), we observe the wavelength dependence of extinction to have a steeper distribution than previously measured for near-infrared wavelengths towards the Galactic Center (GC), following a power law A λ ∝ λ −2.47 (see Table 1 ). We should however highlight that the study by Nishiyama et al. (2006 Nishiyama et al. ( , 2009 did not include observations at wavelengths shorter than the 1.2µm (J filter).
We also perform a similar analysis, but this time maintaining the K s photometry in one axis of the CMDs, and varying the colors in the other axis. As before, we can see in Table 1 that not only are our values smaller than canonical values for galactic extinction at these wavelengths (Cardelli et al. 1989) , as expected for these regions, but they are also smaller than those stated in previous studies of these central regions (Nishiyama et al. 2006 (Nishiyama et al. , 2009 . The measured values are more in line with those reported in Alonso-García et al. (2015) from the analysis of the RRLyrae discovered in 2 highly reddened globular clusters in the inner Galaxy, also using VVV observations.
2
The VISTA photometric system is tied to, but different from, the 2MASS photometric system. http://casu.ast.cam.ac.uk/surveysprojects/vista/technical/photometric-properties Nishiyama et al. (2006) hints at the possibility that their reported values are not universal for the inner region, and that variations in the different quadrants in the inner region may exist. In order to investigate this possibility, we perform an additional analysis, maintaining the K s photometry in one axis and varying the colors in the other axis as before, but this time dividing the studied region in 4 equal size quadrants separated at galactic latitudes and longitudes equal to 0
• (see Figure 3) . We find all the slopes to be different, and regions located at positive latitudes to have smaller slopes, and therefore, smaller selective-to-total extinction ratios than regions located at negative latitudes, as previously reported in Nishiyama et al. (2009) (see Table 2 ). We include these variations in the second σ term provided in Table 1 .
CONCLUSIONS
We provide the deepest, and most complete and homogeneous atlas of a section covering a few square degrees in the central region of the Galaxy. More than 30 million sources have been resolved and precise PSF photometry in Z, Y , J, H and K s near-infrared filters extracted using observations from the VVV survey. The CMDs containing these objects suffer from high and significantly differential reddening, especially the Galactic Bulge stars. We are able to identify the positions of RC stars in the Galactic Bulge out to very red colors (J − K S ∼ 4.5) in the CMD, and down to absolute values of galactic latitudes |b| = 0
• in the sky, unprecedented for such a big area in the inner Galaxy. The RC method allows us to study the reddening law towards these low galactic coordinates linesof-sight. With values
A H : A Ks of 7.74:5.38:3.30:1.88:1.00, we find the mean selective-to-total extinction ratios and the ratio of absolute extinctions towards the innermost Galaxy at near-infrared wavelengths to be smaller than previously believed, and extinction towards the GC to follow a distribution as a function of wavelength steeper than previously reported, consistent with a power law A λ ∝ λ −2.47 . We also found the selective-tototal extinction ratio not to be constant even in this relatively small area, but show variations that should be considered if our reported extinction ratios are used. In the middle, the density map of the studied region of the sky divided in four equal size quadrants. In the corners, section of the (J − K s ) vs. K s CMD where most of the giant stars from the Galactic Bulge are located, for those four different quadrants. We can observe that the the reddening vector changes for every quadrant, and that northern quadrants at positive latitudes have smaller slopes in their reddening vector. As in the other figures, colder colors mean higher densities of stars. Note however that same colors mean different densities in every CMD, as the color distribution has been shifted in the CMD of every quadrant to better highlight the RC variations with differential extinction. Table 2, providing an even better agreement with the reported extinction values.
Note-The first reported error in the first column corresponds to the statistical error, the σ of the linear fit, while the second one is the systematic error, corresponding to the variations depending on sky position reported in Table 2 . The errors reported in the next columns correspond to statistical errors. 
